The plant hormone jasmonic acid (JA) has a crucial role in both host immunity and development in plants. Here, we report the importance of JA signaling in the defense system of rice. Exogenous application of JA conferred resistance to bacterial blight caused by Xanthomonas oryzae pv. oryzae (Xoo) in rice. Expression of OsJAZ8, a rice jasmonate ZIMdomain protein, was highly up-regulated by JA. OsJAZ8 interacted with a putative OsCOI1, which is a component of the SCF COI1 E3 ubiquitin ligase complex, in a coronatinedependent manner. OsJAZ8 also formed heterodimers with other OsJAZ proteins but did not form homodimer. JA treatment caused OsJAZ8 degradation and this degradation was dependent on the 26S proteasome pathway. Furthermore, the JA-dependent OsJAZ8 degradation was mediated by the Jas domain. Transgenic rice plants overexpressing OsJAZ8DC, which lacks the Jas domain, exhibited a JA-insensitive phenotype. A large-scale analysis using a rice DNA microarray revealed that overexpression of OsJAZ8DC altered the expression of JA-responsive genes, including defense-related genes, in rice. Furthermore, OsJAZ8ÁC negatively regulated the JA-induced resistance to Xoo in rice. On the basis of these data, we conclude that JA plays an important role in resistance to Xoo, and OsJAZ8 acts as a repressor of JA signaling in rice.
Introduction
Plants have developed a network of signaling events that elicit defensive responses by producing defensive compounds. The plant hormone jasmonic acid (JA) or its derivative, an amino acid conjugate of JA, is a plant signaling compound involved in the regulation of plant defense and development (Turner et al. 2002 , Avanci et al. 2010 . The JA biosynthetic pathway has been well studied, and much information about the type and subcellular localization of its enzymes is available for many plant species (Müller 1997 , Berger 2002 , Turner et al. 2002 , Li et al. 2005 . Furthermore, a few signaling components have been identified by screening for Arabidopsis mutants that display reduced sensitivity to JA. Recent studies have revealed that the F-box protein COI1 (CORONATINE INSENSITIVE 1) is the primary JA receptor (Katsir et al. 2008 , Yan et al. 2009 , Sheard et al. 2010 ) and JASMONATE ZIM-domain (JAZ) proteins act as transcriptional repressors of JA responses in Arabidopsis (Chini et al. 2007 , Thines et al. 2007 , Yan et al. 2007 . JAZ proteins belong to the plant-specific TIFY family within their ZIM domain (Vanholme et al. 2007) . JAZs are distinguished from other TIFY proteins by the presence of a multifunctional C-terminal region known as the Jas domain. Both the ZIM domain and the Jas domain are required for JAZ-mediated repression of JA responses. In response to elevated JA levels, JAZ proteins are degraded in an SCF (for SKP1-CUL1-F-box)-type ubiquitin ligase SCF COI1 -dependent manner, and this leads to the rapid activation of JA responses, such as the expression of JA-responsive genes (Pauwels and Goossens 2011) . It has been shown that the N-terminal 20 amino acids of the Jas domain are necessary and sufficient for interaction with COI1 and binding of coronatine (COR), which is produced by Pseudomonas syringae and is a structural mimic of a bioactive JA, JA-isoleucine (JA-Ile) (Katsir et al. 2008 , Sheard et al. 2010 ). In addition, recent studies have suggested a model for JA signaling, in which JAZ proteins block the activity of transcription factors (TFs) such as MYC2 in the absence of bioactive JAs by recruiting the general co-repressors TOPLESS (TPL) and TPL-related proteins through an interaction with the adaptor protein NOVEL INTERACTOR OF JAZ (NINJA) (Pauwels et al. 2010, Pauwels and Goossens 2011) .
Rice is one of the most important crops worldwide and is a model for molecular studies of other monocotyledonous species. To date, some studies have demonstrated that JA plays an important role in the defense responses of rice (e.g. Tamogami et al. 1997 , Mei et al. 2006 , Kanno et al. 2012 ). Treatment of JA was shown to up-regulate many pathogenesis-related (PR) genes in rice (Agrawal et al. 2000a , Agrawal et al. 2000b , Rakwal and Komatsu 2000 , Jwa et al. 2001 ). In addition, production of the phytoalexins sakuranetin and momilactone A was increased by JA treatment in rice (Nojiri et al. 1996 , Tamogami et al. 1997 . Transgenic rice plants overexpressing OsAOS2, which encodes allene oxide synthase, a key enzyme in the JA biosynthetic pathway, exhibited increased resistance to rice blast caused by Magnaporthe oryzae (Mei et al. 2006) . One of the WRKY-type TFs, OsWRKY45-2, is involved in resistance to bacterial blight caused by Xanthomonas oryzae pv. oryzae (Xoo), which is one of the most serious rice diseases in rice-growing countries, and the resistance is accompanied by increased accumulation of JA (Tao et al. 2009 ). In addition, activation of a CCCH-type zinc-finger DNA-binding protein conferred resistance to Xoo with up-regulation of JA signaling genes following accumulation of JA in rice (Deng et al. 2012) . Xoo up-regulates the expression of OsDOX, which encodes fatty acid a-dioxygenase, via JA signaling (Koeduka et al. 2005) .
The rice JAZ family comprises 15 members (Ye et al. 2009 ). Overexpression of OsJAZ9 confers increased tolerance to salt and dehydration stresses in rice (Ye et al. 2009 ). OsJAZ1 [corresponding to OsJAZ12 reported by Ye et al. (2009) ] interacts with the basic helix-loop-helix TF OsbHLH148, which is a component of the JA signaling module involved in drought tolerance in rice (Seo et al. 2011) . However, there is a dearth of research on JAZ in JA signaling-mediated defenses in rice. Thus, as a first step toward understanding the role of JAZ in the defense responses of rice, we investigated the role of JAZ in the rice-Xoo interaction. We also provide additional evidence on JA-responsive genes regulated by JAZ using JA-insensitive transgenic rice plants overexpressing a modified JAZ protein. Finally, we show that JAZ has an important role in JA-induced resistance in rice.
Results

Exogenous application of JA induces resistance to bacterial blight
We first investigated the effect of exogenous JA treatment on resistance to Xoo. After treatment with 100 mM JA for 24 h, plants were inoculated with Xoo and lesion lengths were measured after 2 weeks of inoculation. The mean lesion length in JA-treated plants was significantly shorter than that of the mock-treated plants (Fig. 1) . Furthermore, the incidence of induced resistance was almost identical when the treatment period was extended from 24 h to 48 h (data not shown), indicating that 24 h of JA treatment was sufficient to induce resistance to Xoo. We independently repeated the experiment at least five times and obtained almost identical results (data not shown). Therefore, in subsequent experiments, we used a treatment period of 24 h.
Identification of JA-responsive JAZ genes in rice
The rice genome contains 15 JAZ family genes (Ye et al. 2009 ). Like many other repressor proteins, JA-induced degradation of JAZ proteins stimulates their transcription in Arabidopsis (Thines et al. 2007) . Consistent with this result, Ye et al. (2009) and Seo et al. (2011) independently demonstrated that some JAZ genes were also responsive to JA in rice. However, their experimental conditions were different from ours. To identify JA-responsive JAZ genes under our experimental conditions, we performed quantitative reverse transcription-PCR (qRT-PCR) analysis of JAZ genes in rice after treatment with 100 mM JA for 24 h. Eight JAZ genes (OsJAZ 1, 3, 4, 7, 8, 9 , 10 and 12) were significantly up-regulated by JA, with OsJAZ8 exhibiting the highest up-regulation among the JA-responsive JAZ genes in rice ( Fig. 2A) . Based on these results, we focused on OsJAZ8 and analyzed its properties in detail. After JA treatment, OsJAZ8 expression reached a maximum level at 24 h in the tested period (Fig. 2B) . However, after inoculation with virulent ). An asterisk represents a statistically significant difference from the mock-treated control at P < 0.05 (Student's t-test).
Xoo, OsJAZ8 expression was not up-regulated in the tested period (Fig. 2C ).
OsJAZ8 is a target of the SCF COI1 complex and interacts with other OsJAZ proteins To determine whether OsJAZ8 was a target of SCF
COI1
, we examined the interaction between COI1 and OsJAZ8 using the yeast two-hybrid system. It has been reported that there are three COI1 proteins (AK100694, AK101514 and AK121543) in rice (Chico et al. 2008 , Seo et al. 2011 . AK121543 (OsCOI1) does not interact with OsJAZ8 (Seo et al. 2011) . Therefore, we used the other COI1 homolog AK101514 (referred to as OsCOI1H) in this study. First, we confirmed that OsCOI1H could interact with OsSkp15, which is a rice ortholog of Arabidopsis Skp1 (ASK1) and a component of the SCF complex in rice (Gomi et al. 2004) (Fig. 3A) . We then examined the interaction between OsJAZ8 and OsCOI1H using the yeast two-hybrid system. OsJAZ8 interacted with OsCOI1H in the presence of COR, a structural mimic of the bioactive JA, JA-Ile (Fig. 3B) . As in Arabidopsis, OsJAZ8 did not interact with OsCOI1H in the absence of COR (Fig. 3B) , indicating that OsJAZ8 is a target of the JA-dependent SCF COI1 complex in rice. It has been shown that JAZ proteins form a complex with the adaptor protein NINJA in Arabidopsis (Pauwels et al. 2010) . Therefore, we searched for putative NINJA proteins of rice using the full-length cDNA database (http://cdna01.dna. affrc.go.jp/cDNA/). The whole sequence of AtNINJA was used as a query for tBLASTn. This search resulted in two putative NINJA protein sequences (AK073985 and AK072506) in rice, designated OsNINJA1 and OsNINJA2, respectively. We then examined the interaction between OsJAZ8 and OsNINJAs using the yeast two-hybrid system. OsJAZ8 interacted with both OsNINJA1 and OsNINJA2 (Fig. 3C) .
It has been demonstrated that JAZ proteins form homo-and heterodimers in Arabidopsis (Chini et al. 2009, Chung and Howe 2009) ; however, the function of JAZ dimerization remains unclear. We therefore examined the interaction between OsJAZ8 and other JAZ proteins using yeast two-hybrid analysis. As shown in Fig. 4 , OsJAZ8 interacted with OsJAZ2, 4, 5, 9, 12 and 15, but not with itself. Yeast cells carrying a combination of the empty pGBKT7 vector (bait) and pGADT7-OsJAZ constructs (prey) did not grow on the selection medium (data not shown).
JA induces OsJAZ8 degradation via the 26S proteasome pathway and the degradation depends on the C-terminal region of OsJAZ8
We investigated the stability of OsJAZ8 in response to JA using transgenic rice plants overexpressing the OsJAZ8-green fluorescent protein (GFP) fusion protein. A weak GFP signal was detected in the nucleus and cytosol of transgenic rice root cells under normal growth conditions in the absence of any treatment. The GFP signals disappeared after JA treatment but were clearly detected after treatment with MG132, a specific inhibitor of the 26S proteasome (Fig. 5A ). The GFP signal was also detected after a simultaneous treatment with JA and MG132 (Fig. 5A ). After treatment with MG132 alone, the GFP signal was detected in the nucleus, indicating that OsJAZ8 was mainly localized in the nucleus (Fig. 5B) . These results indicate that the 26S proteasome pathway mediates OsJAZ8 degradation in response to JA.
Several independent studies have revealed that the C-terminal Jas domain is critical for the degradation of JAZ proteins in Arabidopsis (Chini et al. 2007 , Thines et al. 2007 , Yan et al. 2007 ). Jas domain-truncated JAZ proteins are stable in the presence of JA (Chini et al. 2007 , Thines et al. 2007 , Shoji et al. 2008 , Chung and Howe 2009 . To determine whether OsJAZ8 is also degraded in a Jas domain-dependent manner, we generated transgenic rice plants overexpressing Jas domain-truncated OsJAZ8-GFP (referred to as OsJAZ8ÁC-GFP) and observed the GFP signal in response to JA. OsJAZ8ÁC lacks the C-terminal region (amino acids 177-232) containing the Jas domain. A stable GFP signal was detected in the nucleus under normal growth conditions in the absence of any treatment; the signal remained in the nucleus after JA treatment (Fig. 5C ). This result indicates that OsJAZ8ÁC is stable in the presence of JA, and that the C-terminal region containing the Jas domain is required for OsJAZ8 degradation via the SCF COI1 proteasome pathway. Rice seedlings expressing the OsJAZ8-GFP transgene were treated with 100 mM JA (+JA), 100 mM MG132 (+MG132) or 100 mM JA + 100 mM MG132 (+JA + MG132) for 1 h (JA) or 3 h (MG132 and JA + MG132). The GFP signal in the root tissue was visualized by fluorescence microscopy.
(B) OsJAZ8 is mainly localized in the nucleus. The GFP signal in the root tissue after treatment with MG132 (+MG132) was visualized by fluorescence microscopy. Nuclear localization of OsJAZ8-GFP was confirmed by DAPI (4 0 ,6-diamidino-2-phenylindole) staining. (C) JA-induced degradation of OsJAZ8 depends on the Jas domain. Rice seedlings expressing the Jas domain-truncated OsJAZ8 (OsJAZ8DC)-GFP were treated with 100 mM JA. The GFP signal in the root tissue was visualized by fluorescence microscopy at the indicated time points. Bars = 100 mm. 
Overexpression of OsJAZ8DC affects JA signaling in rice
Transgenic Arabidopsis plants overexpressing the Jas domaintruncated JAZ protein exhibit a JA-insensitive phenotype (Thines et al. 2007 , Yan et al. 2007 , Chung and Howe 2009 . Therefore, we investigated the effects of OsJAZ8ÁC expression following JA treatment in rice. We generated OsJAZ8DC-overexpressing rice plants and confirmed the expression of the transgene by RT-PCR (Fig. 6A) . The second or third generation of three independent lines (lines 14, 17 and 22) was used for further experiments. There were no morphological differences between the transgenic rice plants and the wild-type (WT) under normal growth conditions. We first investigated root growth inhibition in response to JA. Root growth was not inhibited by JA treatment in these transgenic rice plants (Fig. 6B, C) .
We next measured the chlorophyll (Chl) content after treatment with JA because it is known that JA promotes Chl reduction in rice (Chou and Kao 1992) . The levels of Chl a did not decrease in the transgenic rice plants after treatment with JA, whereas those of the WT were significantly decreased (Fig. 6D) . The levels of Chl b were slightly decreased in the transgenic rice plants after treatment with JA; however, there was no significant difference between the untreated and JA-treated transgenic rice plants (Fig. 6E) . The reduction in Chl b elicited by JA was significantly lower in the transgenic rice plants than in the WT (Fig. 6E) . Taken together, these results indicate that OsJAZ8 is a negative regulator of JA signaling, and that the C-terminal region, containing the Jas domain, is important for the regulation of OsJAZ8 activity in rice.
Overexpression of OsJAZ8DC alters the expression of JA-responsive genes in rice
We performed a DNA microarray using the Agilent rice 44 K custom oligo microarray system to identify changes in expression patterns of JA-responsive genes in OsJAZ8DC-overexpressing rice plants. We extracted RNA from the leaf blades of JA-treated and control rice plants at 24 h after treatment and compared the gene expression patterns. We performed four biological replicates for each treatment. Statistical analysis was performed using the analysis of variance (ANOVA) false discovery rate (FDR) q-value <0.05 (Benjamini and Hochberg 1995, Sharov et al. 2005) . Using the criterion of a 1.5-fold increase or decrease in the average levels of expression, we extracted differentially expressed spots after JA treatment (Supplementary Table S1 ). Based on this criterion, JA treatment up-regulated the expression of 1,320 genes and down-regulated the expression of 914 genes in WT plants ( Supplementary Table S1 ). Among the up-regulated genes, some genes were PR genes ( Table 1 ), suggesting that up-regulation of PR genes may confer JA-induced resistance to Xoo. The characteristic genes are presented in Table 1 . We next compared the expression levels of these JA-responsive genes between WT and OsJAZ8DC-overexpressing rice plants. An asterisk represents a statistically significant difference from the mock-treated control at P < 0.05 (Student's t-test). (Fig. 7) .
OsJAZ8 has an important role in JA-induced resistance to bacterial blight
We investigated the expression pattern of seven of the eight validated OsJAZ8-regulated genes after inoculation with virulent Xoo. Virulent Xoo inoculation did not significantly upregulate any of genes in the tested period (Fig. 8) . Although the expression of wound-induced protein [AK069499 (34)] was slightly up-regulated at 48 h after treatment, there was no statistical difference between mock-treated control plants and Xootreated plants (Fig. 8) . To determine whether OsJAZ8 was involved in the JA-induced resistance to Xoo, we performed a resistance test on OsJAZ8DC-overexpressing rice plants. After JA treatment for 24 h, rice plants were inoculated with virulent Xoo. Two weeks after inoculation, we measured the length of the blight lesions. As shown in Fig. 9 , the length of the blight lesions in JA-treated OsJAZ8DC-overexpressing rice plants was almost identical to that of the control plants, whereas the length of the blight lesions in JA-treated WT plants was significantly shorter than that of the control plants. This result indicates that OsJAZ8 negatively regulates the JA-induced resistance to Xoo in rice.
Discussion
Resistance to biotrophic pathogens, including Xoo, is usually regulated by the salicylic acid (SA)-dependent signaling pathway (Bari and Jones 2009) . It is thought that JA and SA signaling pathways interact antagonistically (Durrant and Dong 2004) . Several studies have demonstrated that JA signaling negatively regulates Xoo resistance. Suppression of the JA pathway enhanced resistance to Xoo via activation of SA-associated defense signaling pathways (Qiu et al. 2007 , Yuan et al. 2007 , Qiu et al. 2008 , Xiao et al. 2009 ). In this study, however, we demonstrated that JA signaling has an important role in the defense responses of rice against Xoo. Our results are consistent with those of previous studies, which revealed a positive role for JA signaling in Xoo resistance in rice (Koeduka et al. 2005 , Tao et al. 2009 , Deng et al. 2012 ). Interestingly, suppression of SA-and JA-associated pathways also enhanced resistance to Xoo (Ding et al. 2008) . The reason for these inconsistencies is not known because the antagonistic interaction between the JA and SA signaling pathway is unclear in rice. SA-responsive genes of rice have been identified using benzothiadiazole (BTH), a functional analog of SA (Shimono et al. 2007) . In this study, microarray analysis revealed that >50% of BTH-up-regulated genes were up-regulated after JA treatment (data not shown). In addition, it has been reported Fig. 7 Validation of microarray results by qRT-PCR. Eight genes that were up-regulated by JA treatment were validated using other transgenic lines. The line 17 RNA samples were independent samples that were not used for the microarray. The accession numbers of the genes and corresponding gene product names are indicated in the graphs. The numbers in parentheses are the same as those in Table 1 . Data are expressed as the mean ± SE (n = 4 per genotype). An asterisk represents a statistically significant difference from the mock-treated control at P < 0.05 (Student's t-test).
that some PR genes are also up-regulated by both JA and SA (Agrawal et al. 2000b , Jwa et al. 2001 ). These results suggest that Xoo resistance mechanisms are intricate, and the JA and SA signaling pathways may compensate for each other in the rice-Xoo interaction. Further studies are needed to elucidate the cross-talk between the JA and SA signaling pathways in Xoo resistance in rice. Nevertheless, we have revealed here that simple exogenous application of JA induces resistance to Xoo in rice.
The up-regulation of PR genes is one of the best characterized plant defense responses against pathogen attacks (van Loon et al. 2006) . It has been reported that the populations of protease-defective mutants of Xoo are 10 -to 100-fold smaller than those of the WT strain in rice plants (Xu and Gonzales 1987) , indicating that proteases of Xoo are important for growth, and that protease inhibitor(s) of rice may prevent the growth of Xoo by protease inhibition. Peroxidase genes are reported to be up-regulated following inoculation with avirulent Xoo (Chittoor et al. 1997) . Therefore, we hypothesize that JA-induced resistance is at least partly due to the coordinated expression of PR genes. Ethylene-responsive transcription factor (ERF) 5 [AK073812 (17)] is also reported to be up-regulated following inoculation with avirulent Xoo (Kottapalli et al. 2007) , suggesting that as yet uncharacterized genes regulated by ERF5 may have an important role in JA-induced resistance to Xoo. The NM_001075031 gene (37) exhibits similarity to the bacterial blight resistance gene Xa26. Xa26 confers resistance to Xoo and encodes a leucine-rich repeat (LRR) receptor kinase (Yang et al. 2003 , Sun et al. 2004 , and the Xa26 gene belongs to a multigene family clustered on chromosome 11 (Yang et al. 2003 , Sun et al. 2004 ). The LRR is thought to contribute to specificity in pathogen recognition (Dangl and Jones 2001) . Thus, the up-regulation of an Xa26-like gene may confer JA-induced resistance to Xoo by functioning as a recognition factor. Microarray and qRT-PCR analyses of responses to JA revealed that most of the JA-responsive genes, including the defense-related genes, exhibited lower expression in OsJAZ8DC-overexpressing transgenic rice plants than in WT plants after JA treatment. These results suggest that the decreased JA-induced Xoo resistance in the transgenic rice plants may be due to the low expression of defense-related genes. In addition, some OsJAZ8-regulated genes, such as PR genes and ERF5, were not up-regulated by inoculation with virulent Xoo, suggesting that a part of the JA signaling pathway regulated by OsJAZ8 may be suppressed by uncharacterized factor(s) derived from Xoo.
It has been reported that the rice genome has 15 JAZ family genes (Ye et al. 2009 ). JA-induced degradation of JAZ proteins stimulates their transcription to replenish the JAZ pool for a negative feedback of the JA signaling pathway in Arabidopsis Fig. 8 Expression of JA-responsive genes after Xoo inoculation. Total RNA was extracted at the indicated time points after inoculation with virulent Xoo. Values are the means ± SE of three replicates. Four leaf blades were used per replicate. The accession numbers of the genes and corresponding gene product names are indicated in the graphs. The numbers in parentheses are the same as those in Table 1 . An asterisk represents a statistically significant difference from the mock-treated control at P < 0.05 (Student's t-test). Fig. 9 Overexpression of OsJAZ8ÁC affects the JA-induced resistance to Xoo. Rice plants were grown in the absence (M) or presence (J) of 100 mM JA for 24 h and then inoculated with Xoo. The lengths of lesion on the fifth leaf blades at 14 d after inoculation with Xoo are shown. Values represent the means ± SE (n = 11 for the WT; n = 7 per transgenic rice plant line). An asterisk represents a statistically significant difference from the mock-treated control at P < 0.05 (Student's t-test). (Thines et al. 2007 ). Some JAZ genes are also responsive to JA in rice (Ye et al. 2009 , Seo et al. 2011 . OsJAZ8 exhibited the highest up-regulation among the JA-responsive JAZ genes in rice, indicating that OsJAZ8 is the most sensitive OsJAZ gene under our experimental conditions. OsJAZ8 interacted with OsCOI1H, which is a component of the SCF complex, and was degraded via the 26S proteasome pathway in a COR-dependent manner. COR was isolated from a Pseudomonas syringae pv. atropurpurea culture broth as a chlorosis-inducing compound against Italian ryegrass (Ichihara et al. 1977) . It has been demonstrated that COR stimulates phytoalexin production in the same manner as JA in rice (Tamogami and Kodama 2000) . In addition, two JA-Ile synthases (OsJAR1 and OsJAR2), which are orthologous to the Arabidopsis JA-Ile synthase AtJAR1, were isolated, and accumulation of JA-Ile occurred after wounding and pathogen attack in rice (Wakuta et al. 2011) . These results suggest the possibility that JA-Ile is the bioactive form of JA, and OsCOI1H may play a role as a JA-Ile receptor to transduce JA signaling in rice, although there is no direct evidence for the role of OsCOI1H in JA responses in planta. We also observed an interaction between OsJAZ8 and OsNINJAs in the present study. However, there is no biological information on the role of OsNINJAs in JA signaling in rice. Further studies are needed to elucidate the functions of OsCOI1H and OsNINJAs in JA signaling in rice.
It is known that JAZ proteins form homo-and heterodimers, and the ZIM domain is essential for JAZ homo-and heterodimerization in Arabidopsis (Chini et al. 2009, Chung and Howe 2009) . Indeed, AtJAZ1 forms a complex with AtJAZ12 in planta (Pauwels et al. 2010) . It has been demonstrated that point mutations within the ZIM domain block the interaction of other JAZ proteins with AtJAZ10.4, which lacks the Jas domain, resulting in a JA-insensitive phenotype, and suppresses the JA-insensitive phenotype in Arabidopsis (Chung and Howe 2009 ). This finding indicates that the dominant-negative action of AtJAZ10.4 depends on the ZIM domain-mediated dimerization with other JAZ proteins or with itself. We demonstrated that OsJAZ8 formed heterodimeric complexes with some JAZ proteins but did not homodimerize in yeast, suggesting the possibility that OsJAZ8 may function as a heterodimer with other JAZ proteins to repress JA signaling in rice.
When the Jas domain-truncated OsJAZ8 (OsJAZ8ÁC) was overexpressed in rice, the transgenic rice plants exhibited JA-insensitive phenotypes, such as resistance to JA-induced inhibition of root growth and inhibition of JA-induced Chl reduction. These results indicate that expression of OsJAZ8ÁC inhibits JA responsiveness via the dominant-negative activity of the altered OsJAZ8 protein. It has been reported that JA-deficient mutants exhibit male sterility (Riemann et al. 2003) , and COI1 is essential for the development of fertile flowers and viable seeds in rice (Ye et al. 2012) . Male sterility is also observed in Arabidopsis JA synthesis and JA response mutants (Feys et al. 1994 , Stintzi and Browse 2000 , Mandaokar et al. 2006 . In addition, expression of AtJAZ1ÁJas and AtJAZ10.4, both of which lack the Jas domain, results in male sterility (Thines et al. 2007, Chung and Howe 2009) . Interestingly, however, the OsJAZ8DC-overexpressing transgenic plants were fertile, indicating that the development of flower and seeds is not affected by OsJAZ8ÁC expression in rice. This result suggests that JA-mediated fertility is independent of the OsJAZ8-mediated JA signaling pathway in rice; however, its mechanism remains to be examined. Our observation is consistent with the finding that the AtJAZ3 mutant jai3-1, which expresses JAZ3 lacking the Jas domain, is also fertile (Chini et al. 2007) .
Microarray analyses of the responses to JA revealed that expression of most JA-responsive genes was suppressed in OsJAZ8DC-overexpressing transgenic rice plants after JA treatment. This result indicates that TFs regulated by OsJAZ8 play a crucial role at the gene expression level in JA responses. AtMYC2, which is a bHLH-type TF, is one of the best characterized TFs regulated by JAZ proteins in Arabidopsis (Chini et al. 2007 , Thines et al. 2007 , Pauwels and Goossens 2011 . Regulation of AtMYC2 activity by JA is an important control point within a larger signaling network for integrating responses to diverse environmental cues (Berger et al. 1996 , Abe et al. 1997 , Abe et al. 2003 , Lorenzo et al. 2004 , Yadav et al. 2005 , Dombrecht et al. 2007 . A total of 167 OsbHLH family genes have been identified in the rice genome (Li et al. 2006) . Among them, OsbHLH148 was initially reported as a JAZ-interacting TF in the drought stress response mediated by the JA signaling pathway in rice (Seo et al. 2011) . OsbHLH148 interacts weakly with OsJAZ8 (Seo et al. 2011) . The OsbHLH148 gene was also up-regulated by JA under our experimental conditions. In addition, OsbHLH148 positively regulates ERF5 expression (Seo et al. 2011) . These results suggest that OsbHLH148 may have an important role in the OsJAZ8-mediated resistance to Xoo in rice. However, OsbHLH148 is probably not the only OsJAZ8 target in rice. Indeed, a number of other JAZ targets, such as other types of TFs and co-repressors, have been identified in Arabidopsis (Cheng et al. 2011 , Fernández-Calvo et al. 2011 , Niu et al. 2011 . Identification of new TFs regulated by OsJAZ8 may provide further insight into the molecular mechanism of JA-induced resistance to Xoo in rice.
Materials and Methods
Plant materials, jasmonate treatment and bacterial inoculation
Rice plants (Oryza sativa L. cv. Nipponbare) were grown from seed under glasshouse conditions (25 ± 1 C, 60-80% relative humidity). The Xoo strain T7174 was cultured on a nutrient agar slant (Becton, Dickinson & Co.) containing 0.5% sucrose at 25 C for 48 h. This strain is virulent to Nipponbare. Bacterial blight resistance was tested at the six-leaf stage of rice plants grown in potting mix soil (Iseki) at 25 C (14 h light/10 h dark) in black soft plastic pots (9 cm diameter Â 9 cm height) with a small hole (1 cm diameter) for water absorption from a tray (20 Â 14 Â 7 cm) containing 1 liter of water. The six-leaf stage rice plants were then placed on another tray (20 Â 14 Â 7 cm) containing 1 liter of water or water containing JA (Sigma) at a final concentration of 100 mM. After 24 h, the pots of plants were placed in another tray with water containing no JA, for subsequent inoculation of the fifth leaves with virulent Xoo and incubation at 25 C (14 h light/10 h dark). The fully opened fifth leaf blades of the rice plants were inoculated using the clipping inoculation technique (Kauffman et al. 1973) . The length of blight lesions was measured for each leaf at 2 weeks after inoculation. For qRT-PCR analysis, the fifth leaf blades inoculated with Xoo were used.
To examine the effects of JA on rice growth and gene expression, rice plants were grown to the four-leaf stage in a growth chamber in Kimura-B liquid medium (Sato et al. 1996) at 25 C (24 h light). Plants at the four-leaf stage were then incubated at 25 C in medium supplemented with 100 mM JA. Root length was measured on the indicated days. For microarray and qRT-PCR analyses, the fourth leaf blades were treated with JA for 24 h.
qRT-PCR
Total RNA was extracted from rice leaf blades after each treatment using Trizol (Invitrogen) according to the manufacturer's instructions. qRT-PCR was performed using SYBR Premix Ex Taq Mixture (TAKARA) in a Thermal Cycler Dice TP800 System (TAKARA) according to the manufacturer's instructions. Analysis of the obtained data was performed according to Gomi et al. (2010) . We performed at least three biological replicates for each treatment. The transcript levels of each gene were normalized to those of actin (AK060893). The normalized transcript levels of the analyzed genes in each treatment were compared with those of the respective mock-treated controls, and the fold change in expression levels was calculated. The sequences of the gene-specific primers used in qRT-PCR are shown in Supplementary Table S2 .
Yeast two-hybrid system
The MATCHMAKER yeast two-hybrid system [Clontech (TAKARA BIO)] was used. The open reading frame (ORF) of each cDNA was inserted into the yeast expression vectors pGBKT7 and pGADT7. The yeast strain AH109 (MAT, 112, gal4D , gal80D, LYS2:: GAL1 UAS -GAL1 TATA -HIS3, GAL2 UAS -GAL2 TATA -ADE2, URA3:: MEL1 UAS -MEL1 TATA -lacZ) was used to determine interaction affinity. We used OsCOI1H (AK101514), OsSkp15 (Gomi et al. 2004) , OsNINJA1 (AK073985) and OsNINJA2 (AK072506) as rice putative orthologs of AtCOI1, AtSKP1 and AtNINJA, respectively. COR treatment was performed according to Chung and Howe (2009) . Sequence information of OsJAZ genes was previously reported by Ye et al. (2009) . The ORF of each cDNA was amplified by PCR from a plasmid template, which was provided by the National Institute of Agrobiological Science DNA Bank, or by RT-PCR from total RNA of WT rice plants. Images of yeast cells were obtained at day 3.
Construction of OsJAZ8-overexpressing vectors and rice transformation
The OsJAZ8 cDNA (AK108738) with the Jas domain truncated (OsJAZ8DC; amino acids 1-176) was ligated into the pBI333-EN4 vector. This vector has a 35S promoter containing 4 Â enhancer sequences upstream of the 35S promoter (Nishizawa et al. 1999) . The pBI333-EN4-GFP binary vector was prepared by subcloning the GFP coding sequence into the pBI333-EN4 binary vector. The PCR-amplified ORFs (without a stop codon) of OsJAZ8 and OsJAZ8DC were subcloned into pBI333-EN4-GFP. The resulting constructs encoded fusion proteins in which the OsJAZ8 C-terminus was fused in-frame to the N-terminus of GFP. These binary vectors were introduced into Agrobacterium tumefaciens EHA101 by electroporation (Wen-jun and Forde 1989) . Rice (cv. Nipponbare) transformation was performed as described by Hiei et al. (1994) . Transgenic plants were selected on a medium containing 50 mg l -1 hygromycin. Second-or third-generation plants were used for the experiments. To verify the expression of the transgene, RT-PCR was performed with the OneStep RT-PCR kit (QIAGEN) using the OsJAZ8-specific forward primer and Nos terminator-specific reverse primer. Sequences used for RT-PCR are as follows: OsJAZ8F, 5 0 -ATGGCCGGCCGT GCGA-3 0 and tNOSR, 5 0 -GTATAATTGCGGGACTCTAATC-3 0 ; actin, forward, 5 0 -CCTGGAATCCATGAGACCAC-3 0 and reverse, 5 0 -ACACCAACAATCCCAAACAGAG-3 0 .
Microscopic observation
Rice seedlings at the two-leaf stage were incubated at 25 C in Kimura-B liquid medium supplemented with 100 mM JA (1 h and 24 h), 100 mM MG132 (3 h) or 100 mM JA + 100 mM MG132 (3 h). After each treatment, GFP signal in the root tissue overexpressing OsJAZ8-GFP or OsJAZ8DC-GFP was visualized by fluorescence microscopy. To visualize the nucleus, the root tissues were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) solution (Dojindo). GFP or DAPI fluorescence was observed using a KEYENCE BIOREVO BZ-9000 microscope (Keyence), according to the manufacturer's instructions.
Chl content measurement
Leaf blades (0.1 g FW) treated with 100 mM JA for 1 week were homogenized in 1 ml of 80% acetone and centrifuged at 3,000 Â g for 10 min. Specific Chl content was determined according to the method of Arnon (1949) .
Microarray analysis
An Agilent Rice Oligo Microarray (44 K, custom-made; Agilent Technologies) was used for microarray analysis. Seedlings of four-leaf stage rice plants were cultured in Kimura-B liquid medium containing 100 mM JA, or mock treated for 24 h. Line 17 was used as the OsJAZ8ÁC transgenic rice plant. Total RNA extracted from JA-or mock-treated leaf blades was labeled with Cy-3 using a Low RNA Input Linear Amplification/Labeling Kit, One-color (Agilent Technologies), hybridized and washed according to the manufacturer's instructions. Hybridized microarrays were then scanned with an Agilent Microarray Scanner (Agilent Technologies). The Feature Extraction Software (Agilent Technologies) was used to delineate and measure the signal intensity of each spot in the array and to normalize intensities. The background was measured around each spot as local background, calculated by the software. Statistical data extraction processes were performed based on four biological replicates for each treatment according to the instructions.
We extracted spots with changes in expression based on the criterion of a 1.5-fold increase or decrease at average levels of fold change. Fold changes in expression levels in response to each treatment were compared with those of the respective mock controls. The microarray data files are deposited in the Gene Expression Omnibus Database (accession No. GSE35429). Sequence homologies of the deduced amino acids from the cDNAs were determined using the TAIR database (http:// www.Arabidopsis.org/). The genes were functionally classified according to their annotation in the MIPS (http://mips.helmholtz-muenchen.de/proj/biorel/) or TAIR database.
